The presence of gas hydrate in oceanic sediments is mostly identified by bottom-simulating reflectors (BSRs), reflection events with reversed polarity following the trend of the seafloor. Attempts to quantify the amount of gas hydrate present in oceanic sediments have been based mainly on the presence or absence of a BSR and its relative amplitude. Recent studies have shown that a BSR is not a necessary criterion for the presence of gas hydrates, but rather its presence depends on the type of sediments and the in situ conditions. The influence of hydrate on the physical properties of sediments overlying the BSR is determined by the elastic properties of their constituents and on sediment microstructure. In this context several approaches have been developed to predict the physical properties of sediments, and thereby quantify the amount of gas/gas hydrate present from observed deviations of these properties from those predicted for sediments without gas hydrate.
INTROD U C T I O N
Gas hydrate is a naturally occurring solid composed of water molecules in a rigid lattice of cages, with most cages containing a molecule of natural gas, mainly methane (Brooks et al. 1986; Kvenvolden 1998; Kastner et al. 1998) . Although three crystalline structures, I, II and H, have been recognized for gas hydrates in nature, structure I (which contains methane only) is most common (Kvenvolden 2000) . Other structures normally contain higherorder hydrocarbons such as ethane along with methane (Brooks et al. 1986; Davidson et al. 1986; Sassen & MacDonald 1994) . Gas hydrates are widespread in seafloor sediments along continental margins, and in permafrost regions. They occur in finely disseminated, nodular, layered or massive forms (Malone 1985; Sloan 1990; Kvenvolden 2000) . Gas hydrates may be detected in seismic reflection data as bottom simulating reflectors (BSRs), with highamplitude and reversed polarity, which are subparallel to the seabed and are interpreted to mark the base of the gas hydrate stability zone (GHSZ) (Shipley et al. 1979) . The presence of gas hydrates is also inferred from the observation of gas escape and fluid flow features such as pockmarks, pipes, acoustic maskings and acoustic turbidity in seismic sections (e.g. Chand & Minshull 2003) . Seismic and drilling studies in hydrate provinces have demonstrated that BSRs are normally underlain by free gas (Singh et al. 1993; Mackay et al. 1994; Holbrook et al. 1996; Collett et al. 1999) . Where no direct measurements are available, detailed knowledge of the compressional and/or shear wave velocity distribution in marine sediments may be used to derive quantitative estimates of gas hydrate and free gas in the pore space (e.g. Lee et al. 1996; Ecker et al. 2000; Jakobsen et al. 2000) .
Higher velocities than those of water-filled, normally compacted marine sediments can often be attributed to the presence of gas hydrate. Such anomalies can be used to infer the concentration of hydrate if the relationship between velocity and gas hydrate content is known. Several theoretical approaches have been developed to predict this relationship. All of them are in principle effective medium approaches in which the physical properties of the composite sediment with or without hydrate are calculated by mixing the various components in different ways.
With several different published methods available, it is not clear which the geophysicist should use to interpret seismically determined velocities. We have made a general comparison of the most widely used effective-medium methods, using a consistent set of parameters for the properties of the component materials, and applied them to some of the most comprehensive borehole data sets available. Our aim is to assess objectively which methods give the most reliable results for a range of sediment types. The two data sets chosen include both compressional and shear wave velocity (V p and V s ) measurements. The data sets are borehole measurements from clay-rich sediments in the Blake Ridge area (Guerin et al. 1999 ) and sand-rich sediments in the Mackenzie Delta area (Goldberg et al. 2000) . The theories compared are the empirical weighted equation (WE) of Lee et al. (1996) , a three-phase effectivemedium theory (TPEM) (Ecker et al. 1998; Helgerud et al. 1999; Ecker et al. 2000) , a three-phase Biot theory (TPB) (Carcione & Tinivella 2000; Gei & Carcione 2003) and an approach using differential effective-medium theory (DEM) (Jakobsen et al. 2000) ( Fig. 1) . Figure 1 . Diagram illustrating the theory behind effective-medium models. The WE model is an average of equations for solids and suspensions. TPEM cementation models represent the addition of hydrate as cement to a composite material through laws of cementation, while in the contact model hydrate contributes to matrix properties through laws bounding physical properties. The TPB model defines the interaction of different components of the composite with each other through a percolation theory, and the DEM model uses laws of bi-connected aggregates. (K-T is Krief's theory; Krief et al. 1990 ). Lee et al. (1996) estimated the P-wave velocity of hydrate-bearing sediment from a weighted average of the three-phase Wood equation (Wood 1941 ) and the three-phase time-average equation (Wyllie et al. 1958) (Fig. 1) . The parameters involved are the concentration of hydrate in the pore space S, the porosity φ, a weighting factor W and a constant n that simulates the rate of lithification with hydrate concentration. The weight W is estimated from the V p of non-gashydrate-bearing sediments and the exponent n is adjusted to match the gas hydrate concentrations estimated independently from V p and V s . The S-wave velocity is calculated from V p , S, φ and the P to S velocity ratios for the matrix and hydrate. A value of W > 1 and low n favours the Wood equation, which is valid for particles in suspension; a value of W < 1 and high n favours the time-average equation, which is more appropriate for consolidated sediments.
ELAS T I C V E L O C I T Y M O D E L S

Weighted equation (WE)
The main advantages of the weighted equation are that it is simple and that the parameters W and n can be adjusted to fit a given data set. However, there is no physical meaning to the weighted average and the model requires a substantial data set to constrain these parameters. Since W and n are derived empirically, the approach can be applied only to data sets where the sediments are of similar type to those used to determine them. Also, variables such as effective pressure and particle aspect ratio and size are not considered at all, and the approach is unable to handle anisotropy. V s is estimated from V p through an empirical relation, so it is difficult to treat by this method the change in V s produced when hydrate starts contributing to the strength of the sediment frame. Ecker et al. (1998) considered two mechanically extreme cases of hydrate morphology. In the first model (the 'cementation model'), hydrate cements the sediment either at the grain boundaries or by enveloping whole grains, while in the second model (the 'contact model'), hydrate is located away from grain contacts and does not affect the strength of the sediment (Dvorkin & Nur 1996) (Fig. 1) . In the latter case hydrate can be considered either as part of the pore fluid or as part of the solid sediment (Ecker et al. 1998 (Ecker et al. , 2000 .
Three-phase effective-medium theory (TPEM)
The cementation model is based on the theory of Dvorkin et al. (1991 Dvorkin et al. ( , 1994 , Dvorkin & Nur (1996) and Ecker et al. (1998) , and predicts the normal and shear stiffness of a two-grain combination with elastic cement at the contact. The grain contact model uses Hertz-Mindlin theory (Mindlin 1949) to calculate the moduli at critical porosity (35-40 per cent, Nur et al. 1998) , the porosity at which a granular composite with spherical grains ceases to be a suspension and becomes grain supported. Modified Hashin-Shtrikman (H-S) bounds (Dvorkin & Nur 1996) are then used to calculate the dry rock moduli at all porosities from this initial model (Ecker et al. 2000) . The moduli thus obtained depend on the effective pressure, the bulk modulus, the shear modulus and the Poisson ratio of the composite sediment and the average number of contacts per grain in the sphere pack m, estimated as 8-10 (Murphy 1982; Dvorkin & Nur 1996; Ecker et al. 2000) .
For the grain contact model if hydrate is considered as part of the fluid, the shear modulus is independent of hydrate saturation and the bulk modulus is calculated from the Reuss average of the bulk moduli of hydrate and pore fluid (Fig. 1) . If hydrate is considered as part of the solid, both bulk and shear moduli are calculated from the Reuss average of the bulk moduli of sediment, hydrate and pore fluid, and the Reuss average of the shear moduli of sediment and hydrate. The effective pressure used in Hertz-Mindlin theory is taken as the difference between the lithostatic and hydrostatic pressure. For a mixed mineralogy, the dry rock moduli are calculated from those of individual components using the average of Hill (1952) , also known as the Voigt-Reuss-Hill average (VRH). Once dry rock moduli have been determined, the equation of Gassmann (1951) is used to estimate the saturated rock moduli for all the models.
The velocities predicted by the cementation model are much higher than those normally observed in nature (Ecker et al. 1998) . The velocities predicted by this model increase steeply with only a small addition of hydrate to the sediment (Figs 2a,b,e and f). If hydrate envelopes sediment grains, the model appears to predict unphysical results with P and S velocities increasing with porosity at porosities below ∼60 per cent (Figs 2b and f) . The S-wave velocity of the cementing model with hydrate at contacts shows a similar effect at low porosities (Fig. 2e) . The grain contact model with hydrate as a part of the solid predicts P-wave velocities that are 30-40 per cent lower. If hydrate is assumed to form part of the pore fluid, the model predicts that V s is independent of hydrate saturation (Figs 2c and g), in contrast to observations in areas of high hydrate saturation (e.g. Collett et al. 1999) . The increase in V p with hydrate saturation is also much less than is observed. The contact model requires an assumption about the number of contacts per grain, which varies between 8 and 12 depending on the size and shape of the grains, and varies strongly with clay content (Marion et al. 1992; Blangy et al. 1993) . Finally, the anisotropic effects of clay particle alignment are not accounted for by this approach.
Three-phase Biot theory (TPB)
Carcione & Tinivella (2000) and Gei & Carcione (2003) developed an approach based on those of Leclaire et al. (1994) , who applied Biot theory to partially frozen porous media, and of Santos et al. (1990a,b) , who described wave propagation in a porous medium saturated with a mixture of two immiscible, viscous, compressible fluids (Fig. 1) . The approach of Leclaire et al. (1994) assumes that there is no direct contact between solid grains and ice (or equivalently, hydrate), since in principle water tends to form a thin film around the grains. Carcione & Tinivella (2000) added contributions to the potential and kinetic energies due to the contact between the solid grains and the hydrate, and to the stiffening of the skeleton due to grain cementation. The shear modulus is also changed by cementation of the grains by hydrate. The interaction between the grain and hydrate phases is described by 'tortuosity' terms. These terms give the difference between the microvelocity field (the flow of hydrate through the matrix) and the macrovelocity field (the flow of the matrix through hydrate), and these terms vanish for rigid solids. When the sediment is unconsolidated, however, these terms contribute to the kinetic energy. Although Biot theory neglects contributions to the kinetic energy from interactions between the solid and the pore fluid, Carcione & Tinivella (2000) add a frequencydependent term describing the transmission of shear deformation from one matrix to the other through a very thin and viscous water layer. Gei & Carcione (2003) generalized this theory to include the effects of pore pressure, partial saturation (gas and water) and the presence of dissipation mechanisms. The effective pressure term given by Carcione & Tinivella (2000) is modified by multiplying it by an effective stress coefficient, an empirical parameter derived from laboratory data sets (Todd & Simmons 1972; Zimmerman & King 1986) . The model yields seismic velocities as a function of hydrate concentration, porosity, saturation, dry-rock moduli and fluid and solid grain properties. The moduli of the dry rock and of the hydrate matrix are estimated using the model of Krief et al. (1990) . The porosity dependence of these moduli is assumed to be consistent with the concept of critical porosity, and is determined by an empirical coefficient. Calibration of the model is required using either borehole log, vertical seismic profiling or laboratory data to estimate the various empirical coefficients involved. The pressure dependence of the dry frame modulus is taken care of using an effective stress law.
A similar approach based on Biot and Gassmann theories is proposed by Lee (2002) , who assumes that the S to P velocity ratio of (Ecker et al. 1998 (Ecker et al. , 2000 Helgerud et al. 1999 the sediment is proportional to the S to P velocity ratio of the matrix and its porosity. But this assumption may fail at higher porosities as V s /V p of the sediment approaches zero as porosity approaches 100 per cent. The Biot coefficient has to be derived using the WE or TPEM model, so Lee's results have the problems discussed above that arise from the use of empirical relations or of Hashin-Shtrikman and Hertz-Mindlin theories.
Differential effective-medium theory (DEM)
Jakobsen et al. (2000) relate the seismic properties of clay-rich hydrate-bearing sediments to their porosity, mineralogy, microstructure, clay particle anisotropy and hydrate saturation, following approaches developed by Hornby et al. (1994) and by Sheng (1990) (Fig. 1) . Of the four approaches we compare here, this is the only one that explicitly incorporates the effects of anisotropy due to clay fabric. The building blocks are considered to be transversely isotropic due to the alignment of clay platelets, and the theory is based on a combination of a self-consistent approximation (SCA) (Willis 1977) , a differential effective-medium (DEM) theory (Nishizawa 1982 ) and a method of smoothing for crystalline aggregates (Bonilla & Keller 1985) . The model structure consists of inclusions embedded in a homogeneous matrix; the effective elastostatic parameters can then be expressed in terms of a tensor K ijkl which relates the applied stress to the average strain in each inclusion (Hudson 1991) . The model starts with a self-consistent method in which K ijkl is determined approximately using a single inclusion in a host having the elastic properties of the yet to be determined effective medium (Hornby et al. 1994 ). These individual components are then replaced with an effective material. Starting with such a bi-connected medium created with a self-consistent approximation, which is valid only for porosities below 60 per cent, the stiffness values at other porosities are calculated by successive operations of removing an infinitesimal subvolume of host material and replacing it with another component through DEM theory (Nishizawa 1982) . Since the DEM theory preserves the connectivity of the phases (Sheng 1990) , this procedure produces a sediment that is biconnected at all porosities. The material is considered to be made of blocks of fully aligned composite but arranged in different orientations. A limitation of this approach is that it will not take into account the weaker bonding and greater compliance likely to exist at the edges of the individual domains of preferential particle alignment (Bennett et al. 1991) . The effective stiffness is calculated using the Voigt-Reuss-Hill average (Hill 1952) followed by a 'method of smoothing' (Bonilla & Keller 1985) which can be used to calculate the effects of interactions between neighbouring grains, thus minimizing the error due to effects at edges when the orientation of individual components is different. A further limitation of DEM theory is that pressure effects are not considered other than through resulting changes in porosity.
Comparison
In order to objectively compare the approaches described, we require a consistent set of input parameters. A set of values for the physical constants used by the models is given in Table 1 . A variety of values of physical constants are used in the literature. In particular, some authors have used constants for structure II hydrates; here we use values for structure I hydrates since these are observed to occur more widely in nature (Kvenvolden 2000) . Similarly the quoted moduli of clay particles also vary widely between different publications; the values used here are from Mavko et al. (1998) and are based on measurements on low-porosity clays and projected to zero porosity. A problem with the WE model (Lee et al. 1996) is that the additional parameters W and n have little physical meaning. The parameter n should vary with hydrate content if it represents lithification, but in fact is normally fixed as n = 1. The value for W of 1.44 used by Lee & Collett (2001) for data from the Mallik 2L-38 well in the Mackenzie Delta, Canada, implies preferential use of the Wood equation, appropriate for suspensions, yet the data come from consolidated sediment at 640-1100 m depth from a permafrost region. A problem with the grain contact TPEM models is that all solid grains, including clay particles, are assumed to be spherical, which seems unlikely based on the observations of seismic anisotropy in clay-rich sediments (e.g. Pecher et al. 2003) .
The presence of clay lowers pore aspect ratios, and this justifies the usage in the DEM model of ellipsoidal fluid inclusions whose aspect ratio distribution depends on the clay content (Eastwood & Castagna 1983; Xu & White 1995) . A recent study using walk-away vertical seismic profiling (VSP) data in the Blake Ridge area also reported anisotropy due to clay particle alignment (Pecher et al. 2003) . The critical porosity depends strongly on the clay content (Marion et al. 1992; Blangy et al. 1993) , so the TPEM approach is limited if a constant 35 per cent critical porosity is assumed (Ecker et al. 1998; Helgerud et al. 1999) .
Additional parameters required by the TPB approach are the pore fluid viscosities, the shape of the network, the radii of grains and capillary spaces and the permeability of the solid and hydrate matrix. When laboratory or VSP data are not available for calibration, the moduli of the rock frame are calculated using the Hashin-Shtrikman bounds and the theory of Krief et al. (1990) .
The DEM approach requires a clay particle orientation distribution which should be based on measurements of real samples, but otherwise all other parameters are physical constants. A limitation of this approach is that quartz, calcite and hydrate grains are added as inclusions and will not affect the strength of the composite, an assumption that may fail in the case of sediment with a low clay content. Hydrate can be added as a part of the load-bearing framework by starting with application of the self-consistent approximation to a clay-hydrate composite.
MODE L P R E D I C T I O N S
We analysed the theoretical models described above for variation of V p and V s with clay content, porosity and hydrate saturation and also assessed the influence of various model assumptions, using the physical constants of Table 1 . For the anisotropic DEM model we used the clay particle orientation distribution of Jakobsen et al. (2000) , while for the isotropic model we used a uniform distribution. In both cases we used a clay-water composite as the starting medium in the self-consistent approximation. The TPEM model used for comparison is the contact model with hydrate as a part of solid, because this model appears to give the most realistic results (Ecker et al. 2000) . The effective pressure value for the Hertz-Mindlin theory is calculated as the difference between lithostatic and hydrostatic pressure for 200 m of sediment lying beneath 1000 m of water.
The P-wave velocities differ between models, particularly the rate of change of velocity with porosity. First, we consider a saturated sample containing clay and quartz only. The velocity predicted by the WE model ranges from 2.0 km s −1 at 30 per cent porosity and 20 per cent clay content to just over 1.5 km s −1 at 80 per cent porosity and 70 per cent clay content (Fig. 3a) . Similarly for the TPEM model the velocity decreases from 2.5 to 1.5 km s −1 (Fig. 3b) . For the TPB model the pattern is entirely different, with the velocity decreasing from 2.3 to 1.5 km s −1 at 60 per cent porosity and then flattening at this porosity without any further decrease (Fig. 3c) . The isotropic DEM model predicts a decrease of V p from ∼2.5 km s −1 at 30 per cent porosity to ∼1.5 km s −1 at 80 per cent porosity (Fig. 3d) . For the transversely isotropic models the vertical velocity ranges between 2.1 and 1.5 km s −1 (Fig. 3e ) and the horizontal velocity ranges between 2.4 and 1.5 km s −1 (Fig. 3f) . In contrast to the other models and to experimental data (Goldberg & Gurevich 1998 ), the DEM model predicts an increase of velocity with clay content (Figs 3e and f) . The predicted increase can be attributed to the effect of clay-water connectivity assumed in the initial self-consistent approximation, which is preserved even at low clay content and overrides the effect of the higher elastic modulus of quartz. This behaviour illustrates a limitation of the DEM model and is due to the fact that only the starting mineral grain in the SCA medium is assumed to be fully connected, even at low concentrations. Anisotropy also increases with clay content, with large differences between horizontal and vertical velocity predicted at high clay contents (Figs 3e and f) .
The predicted S-wave velocity also varies dramatically between models (Fig. 4) . The WE model ranges predict values decreasing from 0.86 to 0.22 km s −1 as clay content and porosity increase (Fig. 4a ). The TPEM model predicts a similar variation, from 1.1 to 0.2 km s −1 (Fig. 4b) , while the TPB model predicts a decrease from 1.1 to 0.1 km s −1 at ∼55 per cent porosity and no change with porosity above this value (Fig. 4c) . The S-wave velocity predicted by the isotropic DEM model ranges between 1.0 and 0.15 km s −1 (Fig. 4d) , and like V p increases with clay content. The transverse isotropic model predicts a range of 0.95-0.15 km s −1 for vertical V s and 1.1-0.2 km s −1 for the horizontal V s (Figs 4e and f) . Thus, although the DEM, TPEM and TPB models all show a similar variation of S-wave velocities, the dependence on clay content and porosity varies significantly between them. (Guerin et al. 1999) , which do not match with those predicted by the TPB model. The accuracy of these two methods (WE and TPB) could be improved by calibrating them more explicitly with data from these sites.
The four models predict similar variations of V p with hydrate saturation (Fig. 5) . For the WE model, V p ranges between 4.0 and 1.6 km s −1 for porosity varying between 80 and 30 per cent and hydrate saturation between 0 and 100 per cent of the pore space (Fig. 5a) . For the TPEM model, V p ranges between 4.0 and 1.8 km s −1 , while for the TPB model the range is 4.2-1.6 km s −1 (Fig. 5c and for the isotropic DEM model it is 3.8-1.8 km s −1 (Fig. 5d) . For the transverse isotropic DEM model, the vertical V p varies between 3.8 and 1.8 km s −1 (Fig. 5e ). For the DEM cemented model, V p varies between 3.6 and 1.8 km s −1 (Fig. 5f ). The major difference between using a clay-hydrate starting model and using a clay-water starting model in the DEM is that in the first case the velocities are higher at lower hydrate saturations (Fig. 5f ). The TPB model predicts little variation of V p with hydrate saturation below ∼20 per cent (Fig. 5c) .
The models predict similar patterns for S-wave velocities. The WE model predicts values of 0.4-2.4 km s −1 for the range of porosities considered, with a sharp increase at higher hydrate saturations (Fig. 6a ). The TPEM model predicts values of 0.4-2.2 km s −1 (Fig. 6b) . As for V p , the TPB model predicts strong dependence on hydrate saturation only above ∼20 per cent saturation, and V s ranges between 2.6 and 0.2 km s −1 (Fig. 6c) . The isotropic DEM model predicts a similar pattern as for V p , with V s ranging between 2.2 and 0.4 km s −1 (Fig. 6d) . For the transverse isotropic DEM model the vertical velocity ranges between 2.0 and 0.3 km s −1 (Fig. 6e ). For the DEM cemented model, V s ranges between 2.0 and 0.6 km s −1 and velocities are higher at low hydrate saturations than for the DEM contact model (Figs 6d and f) . For all models the V p /V s ratios decrease with increasing hydrate saturation and porosity (Fig. 7) . However, the magnitude of the change varies; for example, the DEM model with clay-water as the starting medium predicts a very small variation with hydrate saturation. The DEM cemented model predicts the lowest V p /V s ratios (Fig. 7f) , implying low Poisson ratios comparable to that of a well-lithified rock (Fig. 7f) .
From the above results we can conclude that all the models predict similar variations of V p and V s with hydrate saturation and clay content except for the DEM model, which predicts an increase in velocity with clay content. However, subtle differences between model predictions mean that for a given observed V p and V s , the predicted hydrate saturation will be different. In particular, the DEM cementation model, with clay-hydrate as starting medium, predicts a more rapid increase of velocity with hydrate as starting medium at low hydrate saturations.
APPL I C AT I O N T O R E A L D ATA
There are no published laboratory data sets of both V p and V s for real sediment samples containing known hydrate saturations though there are measurements made on artificial sediment samples containing hydrate (Kunerth et al. 2001; Berge et al. 1999 ) and measurements of V p alone on natural sediment samples containing hydrates (Stoll et al. 1971; Stoll & Bryan 1979; Pearson et al. 1986; Winters et al. 2000) . Therefore we use two field data sets to evaluate the effective-medium models on their ability to predict the correct velocities. The two data sets are borehole seismic log and VSP measurements, from the Mallik 2L-38 well, Mackenzie Delta, Canada Katsube et al. 1999; Walia et al. 1999; Goldberg et al. 2000) and from Blake Ridge, ODP Sites 995 and 997 (Guerin, personal communication; Guerin et al. 1999; Wood & Ruppel 2000) .
Mallik 2L-38 well, Mackenzie Delta, Canada
The Mallik 2L-38 well was drilled in a permafrost area with a permafrost thickness of 640 m in the Mackenzie Delta area of Canada Katsube et al. 1999) . NMR spectroscopy as well as Raman spectroscopy and gas to water ratios from a dissociation test showed that the hydrate in the well has properties similar to those of structure I hydrates ). An Archie's law interpretation of resistivity logs suggests that gas hydrate occupies an average of 47 per cent of the void space, increasing locally to 80 per cent ( Fig. 8 ; Collett et al. 1999) . Pore waters from the gas-hydrate-bearing samples had salinity values as low as 8 parts per trillion (ppt) compared with 34 ppt for non-gas-hydrate-bearing samples, suggesting that up to 80-90 per cent of the pore space in the gas-hydrate-bearing sediment might have been filled with gas hydrate (Cranston 1999) . But the saturations predicted using chlorinity and those using resistivity and dissociation experiments differ widely from chlorinity-based predictions, being often lower (Guerin predicted around 80 per cent hydrate saturation using the WE model with a weighting factor of W = 1.56 and used W = 1.44 for another study on the same data set (Lee & Collett 2001) .
Log and VSP results from the Mallik well are summarized in Fig. 8 . The log measurements were made at 12 and 2.5 kHz for compressional and shear waves respectively (Guerin & Goldberg 2002) . The VSP measurements were made at 100 and 30 Hz peak frequencies for compressional and shear waves respectively . Since the clay content is not known at all depths we used gamma-ray data to estimate it. The available clay content estimates from XRD analysis (Katsube et al. 1999) were averaged and the equivalent gamma-ray units calculated using the average mineralogy of clay (Katsube et al. 1999 ) and standard gamma-ray American Petroleum Institute (API) values for clay minerals (Rider 1996) . Clay contents were then computed by scaling the above average by the ratio of the observed gamma-ray values to the value calculated above. Individual horizons of very high hydrate saturation coincide with levels of low clay content (Fig. 8) . Thus hydrate seems to occupy preferentially the larger pores, though the total porosity varies little through the GHSZ. It can be observed that individual zones of high velocity for V p and V s coincide with increase of resistivity and low clay content, implying that both velocities increase simultaneously with hydrate saturation.
Hydrate saturations obtained through inversion of both log and VSP velocities along with those obtained from resistivity log are given in Fig. 9 . The estimates from resistivity data may be influenced by the variation of pore-water salinity. For example, salinities as low as 8 ppt are reported in hydrate-bearing zones compared with 34 ppt for non-hydrate-bearing zones of the Mallik well (Cranston 1999; Winters et al. 1999) . Thus, low chloride concentrations which indicate formation of hydrate cause an increase in the electrical resistivity independent of that due to the hydrate itself (Collett & Ladd 2000) . The quality of coupling of resistivity sensors with the formation also affects the measured resistivity (Collett & Ladd 2000) . The estimate based on chloride anomalies depends strongly on the assumed baseline for no hydrate. Also there could be interference of drilling fluid with the pore water (Lu & McMechan 2002) . Hence there is an uncertainty in the estimation based on resistivity and chloride methods amounting to as much as 5 per cent entirely due to pore-water freshening alone (Collett & Ladd 2000) . The major uncertainty in the sonic velocity comes from the intrinsic problems with velocity measurements due to weak coupling of the sonic tool to the borehole wall. The uncertainty in V s measurements can be as much as 10 per cent due to dispersion in larger hole diameters and slow formations while V p measurements are comparatively robust (Harrisson et al. 1990) .
All the models give consistent results for both V p and V s from log and VSP measurements. The estimated saturation values range between 60 and 80 per cent. The hydrate saturation estimated from V s data is lower than that from V p data except when the WE method is used, but here the V s is estimated from V p . This observation indicates Gamma Log (API Units) (e) Figure 8 . Bore hole geophysical data from the Mallik 2L-38 well, Mackenzie Delta, Canada: (a) hydrate saturation estimated from resistivity data , (b) porosity , (c) V p and V s data from acoustic log measurements (solid line) and VSP data (dotted line) (Walia et al. 1999) , (d) gamma-ray log , (e) clay content (percentage of solid volume) estimated using XRD (dots) (Katsube et al. 1999) and from gamma-ray log data. Notice the correlation of high hydrate saturation zones with low clay content zones. that the theories are predicting V s values that are too high for a given hydrate content. We used W = 1.0 for the WE model since this model predicts lower velocities at lower porosities and any increase in W favours the Wood equation, thus further lowering the velocities with respect to in situ values. Although the estimated saturation values based on V p and V s match each other, only the WE, TPB and DEM with a clay-hydrate starting model (Fig. 9 ) match well the estimates from resistivity data. The TPEM models predict hydrate saturations that are systematically higher than those inferred from resistivity data, with differences reaching 20 per cent at low hydrate saturations similar to those observed for the DEM model with clay-water as the starting medium. This difference may be due to the poor prediction of velocities of non-hydrated sediment by the TPEM model for this mineralogy. To compare predictions from calibrated and noncalibrated TPB models, we calculated the matrix properties by fitting the VSP data with a line connecting zones of no hydrate regions, and using Gassmann's equation. These estimates are only first-order estimates, since the formation changes from clay-rich zones outside (Guerin et al. 1999) , (c) V p and V s data from acoustic log measurements (solid line) (Guerin et al. 1999) and VSP data (dotted line) (Wood & Ruppel 2000) , (d) quartz content and (e) calcite content (per cent of solid volume) estimated using XRD (Collett & Wendlandt 2000) .
the gas-hydrate zone to sand-rich zones inside. The VSP-calibrated log results using the TPB model (Fig. 9) give a well-defined picture of the hydrate and non-hydrate zones, though the predicted hydrate saturations are lower than those inferred from resistivity data. The hydrate saturation predicted by the DEM model with clayhydrate as the starting medium matches better the resistivity-derived data, indicating that here hydrate forms a connected structure within the sediment frame (Figs 9 and 10).
Blake Ridge, ODP Sites 995 and 997
ODP Drilling Leg 164 in the Blake Ridge area on the US Atlantic margin produced both V p and V s logs (Guerin et al. 1999) (Figs 11 and 12) . Blake Ridge sediments contain clay as a major constituent (Collett & Wendlandt 2000) . Inferred hydrate saturation is low, ∼2-11 per cent of the bulk volume (6-20 per cent pore volume), in the GHSZ of the Blake Ridge area (Holbrook et al. 1996; Paull et al. 1996; Guerin et al. 1999; Collett & Ladd 2000; Collett & Wendlandt 2000; Lee 2000; Tinivella & Lodolo 2000) (Figs 11 and 12 ). We used log (both V p and V s ) and VSP (only V p ) data (Guerin, personal communication; Guerin et al. 1999; Wood & Ruppel 2000) and other measured parameters such as porosity (Lee 2000; Guerin et al. 1999 ) and quartz and calcite content (Collett & Wendlandt 2000) from ODP Sites 995 and 997, to estimate the hydrate saturation. The log data were collected using 13 and 3 kHz sources for compressional and shear waves respectively (Guerin et al. 1999) . The VSP data were acquired with a dominant frequency of 100 Hz (Wood & Ruppel 2000) . One major difference observed in the Blake Ridge data is that unlike the Mallik data set, where both velocities increase simultaneously, the shear velocities are not showing a similar pattern to that of compressional wave velocities (Figs 11 and 12) . Estimated hydrate saturation values are shown in Figs 13-16. Only the DEM (clay-hydrate starting model), TPEM and WE models give hydrate saturation from V p data that is comparable to that predicted from resistivity data (Figs 13 and 15) . The resistivityderived values may be overestimates here, since non-zero hydrate saturations are inferred in non-hydrate-bearing zones at shallow depths, and values are higher than those inferred from pore-water chlorinity data (Collett & Ladd 2000) . The predicted hydrate saturation from V s is very low or zero for the case of DEM and TPEM models, while WE and TPB models predict higher hydrate saturations than those predicted from V p . The DEM (Fig. 13g ) model with hydrate as inclusions predicts consistently higher hydrate saturations than those estimated from resistivity data and other studies. The degree of anisotropy used in the DEM model broadly matches observations (Pecher et al. 2003 ). The TPB model predicts higher hydrate saturations than the other models (Figs 13i and j and 15i (Lee 2000) , (c) V p and V s data from acoustic log measurements (solid line) (Guerin, personal communication) and VSP data (dotted line) (Wood & Ruppel 2000) , (d) quartz content and (e) calcite content (per cent of solid volume) estimated using XRD (Collett & Wendlandt 2000) . and j). As shown above, velocities predicted by the TPB model vary only very little with increase in hydrate saturation at low hydrate saturations, making the predictions unreliable at these saturations. In fact, as pointed out earlier, shear velocity perturbations show no correlation with perturbations of compressional wave velocity. However, given the low hydrate saturations, the expected perturbations in shear wave velocity due to any cementing effect of the hydrate are small. Therefore such perturbations may be difficult to decouple from those due to lithology, or to distinguish from variations due to the poor coupling of the shear wave tool in such high-porosity and low-velocity sediments.
DISC U S S I O N
Model results for non-hydrate-bearing sediments are generally comparable to the observed values of V p and V s except in the case of the WE, which predicts lower velocities at low porosities. This mismatch for the WE model may be due to an over-influence of Wood's equation on the final results at low porosities when actually the timeaverage equation could have been sufficient alone. The flat response of the TPB model at higher porosities (>60 per cent) is also unsatisfactory. The TPB model is designed to use calibrated data for the sediment properties; in situations where no physical measurements of sediments are available the high-porosity results should be treated with caution. The DEM model predicts an increase in velocity with clay content, which is unrealistic at least at low porosities, where observations suggest the opposite. This behaviour is due to the dominant effect of the initial self-consistent approximation. Our results contradict those of Ecker et al. (1998) , who modelled the amplitude versus offset (AVO) response of a BSR at Blake Ridge. They looked at the two possible end-member scenarios; one in which hydrate is cementing the medium (TPEM models 1 and 2, Fig. 2 ) and the other in which hydrate lies away from the grains and does not affect the S-wave velocities (TPEM model 3, Fig. 2 ). Comparing the AVO observations with the model results, they concluded that the model in which hydrate lies away from the grains can match the observations, whether or not gas is present beneath the BSR. However, observations from the Mallik 2L-38 well have shown that the S-wave velocity does increase with hydrate saturation. Other authors have concluded that the AVO response of BSRs is dominated by the effect of gas beneath the BSR (e.g. Minshull et al. 1994; Andreassen et al. 1995 Andreassen et al. , 1997 Tinivella & Accaino 2000) and by the thickness of the gas zone (e.g. Xu & Chopra 2003) . The major effect of the gas zone means that inferences about the presence or absence of hydrate cementation from AVO anomalies may be unreliable.
The various effective-medium models predict quite different hydrate saturations when applied to field data sets. The WE and TPB Comparison between hydrate saturations predicted using the two transversely isotropic DEM models and log velocities as functions of saturation derived from resistivity data for site 995 (data smoothed and sampled at 2.5 m intervals). The solid line marks where two results are equal. models clearly need good calibration of the sediment properties. In the case of the WE model, a value of W = 1.44 (Lee & Collett 2001) will result in even lower predicted hydrate saturations, which are already too low for W = 1. The TPB model gives an improved result, when calibrated using VSP data as in the case of Mallik data set, but predicted saturations remain lower than resistivity-derived values. The TPEM model requires a further modification to predict non-hydrate-bearing sediment properties as observed in the case of the Mallik data set where it predicts hydrate saturations even in hydrate-free zones. Both at Mallik and Blake Ridge, the DEM model with clay-hydrate as the starting medium predicts hydrate contents that are slightly lower than those inferred from resistivity data, and generally consistent with those inferred from chlorinity and headspace methane data. 
CONC L U S I O N S
From our analysis of a variety of effective-medium models, we conclude that:
(1) The four models investigated generally predict a similar range of V p and V s for hydrate-free saturated sediment samples, though details of their variation with porosity and clay content are different. In particular, the DEM model predicts the opposite variation with clay content than do the other models. Predicted velocities for hydrate-bearing saturated sediments also vary little, but the pattern of velocity variation with hydrate saturation differs between models. The TPB model exhibits only a very small increase in velocities with hydrate saturation below 20 per cent saturation. The DEM model with a clay-hydrate starting medium predicts higher velocities at lower hydrate saturations than those predicted by other models.
(2) The DEM, TPB and WE models match hydrate saturations predicted from resistivity data from the Mallik 2L-38 well. The TPEM model predicts hydrate saturations up to 20 per cent higher. The DEM model requires a clay-hydrate composite as the starting model to match the hydrate content inferred from resistivity data.
(3) For the clay-rich sediments of ODP Sites 995 and 997, Blake Ridge, the DEM, TPEM and WE models predict comparable hydrate saturations of 10-20 per cent (∼6-12 per cent bulk volume) from V p data. Since at low saturation hydrate may have little influence on V s , all the models except for WE and TPB predict zero hydrate saturation from V s . Since the V s predicted by the TPB model shows little dependence on hydrate saturation at low values, a small change in V s leads to a very high inferred hydrate saturation.
(4) The success of the DEM model with a clay-hydrate starting model suggests that hydrates form a connected phase affecting the rock framework, rather than disconnected inclusions.
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